No effects of ambient UV radiation detected in periphyton and grazers Abstract-The vulnerability of periphyton and grazers to current and future levels of ultraviolet radiation (UV) has important ramifications for energy flow in shallow waters. We reduced ambient UV levels in a Tennessee stream with UVopaque Plexiglas suspended over the stream and compared periphyton under these Plexiglas filters to periphyton under UV-transparent polyvinylidene film. The experiments were performed three times, from autumn 1993 to summer 1994. The last experiment included a treatment with reduced snail densities, so potential interactions between grazing and UV could be identified. Periphyton biomass and photosynthesis were not significantly affected by reduced UV in any of the three experiments, indicating ambient UV effects were minor, at most. Grazing by snails (Elimia clavaeformis) tightly controlled periphyton biomass and primary production in all three experiments. Snail densities were not significantly affected by ambient UV, eliminating the possibility of a solar cascade of indirect effects. Snails may be less vulnerable to UV than are soft-bodied grazers such as chironomids, and periphyton in southern U.S. streams may be adapted to naturally high levels of UV. The results of this study clearly imply that previous reports of UV impacts on periphyton and grazers cannot be generalized.
Predicted increases in middle ultraviolet radiation (UVB) resulting from stratospheric ozone depletion at both high and middle latitudes have focused much attention on the potential ecological effects of UV (Madronich 1992; Kerr and McElroy 1993) . In clear waters lacking appreciable levels of UV-absorbing dissolved organic matter, current UV fluxes penetrate to significant depths in the photic zone. Deleterious effects of these fluxes in open-water ecosystems include suppressed bacterioplankton activity (Herndl et al. 1993) , inhibition of phytoplankton photosynthesis (Helbling et al. 1992) , and increased zooplankton mortality (Williamson et al. 1994 ). Many of the organisms affected or potentially affected by UV cannot avoid it because they are either phototrophic or need to be in close proximity to phototrophs (e.g. grazers). Unless these organisms have protective mechanisms to mitigate potential ultraviolet effects, their distribution and abundance in aquatic ecosystems should be influenced by UV.
Periphyton and grazing invertebrates in shallow streams and clear lakes are exposed to relatively high levels of both photosynthetically active radiation (PAR) and UV. Unlike phytoplankton and zooplankton, periphyton and benthic grazers exist at fixed depth, unable to reduce their UV exposure through passive or active movements into deeper waters. Recent experiments in artificial stream channels in British Columbia suggest that periphyton and invertebrate grazers in shallow waters are vulnerable to current levels of UV (Bothwell et al. 1993 (Bothwell et al. , 1994 . In these experiments, development of periphyton communities was inhibited by the direct effects of near ultraviolet (UVA), but these effects were reversed in later developmental stages by the positive, indirect effects of UVB. Positive UVB effects were mediated by the dominant grazers, chironomid larvae. Chironomid larvae in the channels were particularly sensitive to UVB and, in its absence, became abundant enough to control algal development. Increased periphyton biomass therefore occurred in the presence of UV because of a "solar cascade" of indirect effects (Williamson 1995) .
The variability of UV effects on periphyton and grazers in streams and lakes is unknown. Fluxes of UV to the water's surface are strongly affected by latitude, altitude, cloud cover, sun angle, stratospheric conditions, and shade cast by terrestrial objects (e.g. riparian vegetation). Penetration of UV reaching the water's surface to the benthos depends on albedo at the water surface, water turbidity, depth, and concentrations of UV-absorbing dissolved organic matter. Direct effects of UV on periphyton are undoubtedly influenced by community type and architecture as well: self-shading in thick periphyton matrices should lessen UV exposure to underlying cells. The cascade of indirect effects will depend on the strength of grazing effects and the susceptibility of grazers to UV, UV sensitivity is likely to vary considerably among grazer taxa. Physiological or morphological adaptations to UV by periphyton and grazers also could affect potential impacts.
In this study, we investigated UV effects on periphyton and grazers in White Oak Creek, a small, clear-water stream in Tennessee. This stream contains high densities (up to 1,000 rn-') of the pleurocerid snail Elimia clavaeformis, which grazes periphyton to low levels of biomass and is food-limited (Hill 1992; Hill et al. 1992 ). The tight interaction between periphyton and snails maximizes the potential propagation of indirect effects (Hill et al. 1995) .
Manipulations of in situ UV were performed in upper White Oak Creek, a second-order stream in the Oak Ridge National Environmental Research Park (35"55'N, 84'19'W) . Water chemistry in White Oak Creek is typical of undisturbed streams draining limestone and dolomite geologic formations in eastern Tennessee: alkalinity is moderately high (-3 mEq liter'), pH is -8, and nutrient concentrations are moderately low (dissolved phosphate ~6 ,cLg P liter I and dissolved nitrate <90 pg N liter'). Water temperature ranges between -17" and 10°C in summer to late autumn. The section of stream that was used for the in situ manipulations was a riffle-run section with maximum depth of 30 cm. The experimental section lacked streamside trees, allowing full sunlight to illuminate the streambed for at least 6 h on clear days.
Plexiglas MC plates were used to screen UV from portions of the streambed. Plexiglas MC transmits 90% of PAR but absorbs UVB and most UVA below 375 nm (50% transmittance at 375 nm). Four plates (40 X 40 X 0.6 cm) were suspended 5-10 cm over the water surface in an upstreamdownstream direction. Each plate was paired with a 40 X 40-cm piece of polyvinylidene film (Dow Saran Wrap), sus-pended adjacent to the plate. Polyvinylidene transmits 90% of PAR and 80-90% of UV (Bothwell et al. 1993) . Unglazed, brown ceramic tiles attached to bricks were placed on the streambed beneath each Plexiglas plate and polyvinylidene piece, lo-25 cm below the water surface. The tiles were previously submerged in White Oak Creek for more than a year and therefore supported mature periphyton communities. Tiles were positioned under the Plexiglas and polyvinylidene so that direct sunlight could not fall upon the them without first passing through Plexiglas or polyvinylidene. The UV experiments were performed during three different time periods. The first experiment was in early autumn (18 September-5 October 1993); the second experiment was in late autumn (8 October-l 1 November 1993); and the third experiment was in early summer (24 June-21 July 1994), a period when UVB fluxes are highest (Frederick et al. 1989 ). All three experiments used the same design for UV manipulation, as described above. However, the third experiment incorporated grazing as a nested factor within the UV manipulations. In this experiment, additional ceramic tiles (with attached periphyton communities) were suspended with wire above the streambed beneath each Plexiglas plate and polyvinylidene piece. Care was taken to suspend these tiles (in groups of 10) at the same depth as the tiles that were attached to the tops of bricks. Suspending substrata above the streambed dramatically reduces colonization by nonswimming grazers such as snails (Hill et al. 1992 ).
counted every day; snails that managed to colonize the suspended tiles were removed after counting.
At the end of each experiment, tiles with attached periphyton communities were transported to the laboratory in water-filled plastic containers. Carbon uptake by periphyton was measured at a number of light intensities in the laboratory with the methods described in detail by Hill and Boston (1991) . In brief, tiles with attached periphyton were incubated for 1.5 h in open, recirculating-flow glass chambers filled with water from White Oak Creek that was spiked with NaHlCO,. Incubations were done at ambient White Oak Creek temperature. Illumination was provided by a 1,000-W, phosphor-coated, metal halide bulb suspended over the chambers. Four incubation intensities were used: 25, 75, 360, and 1,350 pmol rn-' s-l. These intensities were obtained by covering individual chambers with different numbers of neutral-density screens. Photosynthetically incorporated lJC and chlorophyll were extracted from the periphyton by placing the tiles in dimethylsulfoxide overnight (Palumbo et al. 1987) . Extracted '"C and chlorophyll were measured by liquid scintillation counting and spectrophotometry, respectively. Chl a concentrations were calculated with the equations of Jeffrey and Humphrey (1975) .
Local light conditions during the experiments were monitored with a LiCor quantum sensor and a data logger. The data logger sampled quantum sensor measurements every 5 s and recorded the mean of these measurements at 15-min intervals. Daily integrated PAR calculated from these data were used to estimate local UVB fluxes with an independently derived UVB vs. PAR regression. The regression was derived from integrated measurements of UVB and PAR made by a Yankee Environmental Systems ultraviolet pyranometer (model UVB-1) and a LiCor quantum sensor at the National Oceanographic and Atmospheric Administration monitoring station in Goodwin, Mississippi (34" 15'N, 89'32'W). Data from 1 June to 30 August 1995 were used to calculate the linear relationship between UVB (kJ mm 2 d-l) and PAR (mol rn-? d-l), which was UVB = 2.24 X PAR + 1.79 (Y? = 0.93).
Ambient solar radiation varied both within and between experiments. Variable cloud cover resulted in significant daily variation in PAR and estimated UVB exposure within each experiment (Fig. 1) . Ambient PAR ranged between 6.0 and 26.7 mol rn-' d t in experiment 1, between 2.1 and 22.7 in experiment 2, and between 8.5 and 34.7 in experiment 3. Seasonal differences in solar radiation were also evident: highest daily PAR and estimated UVB occurred in experiment 3, which was closest to the summer solstice, and lowest PAR and estimated UVB occurred in experiment 2, which was farthest from the summer solstice. Mean daily PAR for experiments 1, 2, and 3 were 20.6, 11 .O, and 23.4 mol m Z d-', respectively. Mean estimated UVB for experiments 1, 2, and 3 were 47.9, 26.5, and 54.2 kJ m z d-l, respectively.
Periphyton ash-free dry mass (AFDM) was examined in samples collected from the early summer experiment. Periphyton was removed with a toothbrush from one tile collected from each experimental unit. A subsample of the brushed periphyton was dried at 6O"C, weighed, ashed at 48O"C, and reweighed to determine AFDM. Another subsample was fixed in Lugol's solution.
Periphyton biomass was not affected by UV manipulations, but it was affected by grazer removal. Chl a on substrata beneath Plexiglas (no UV) was not significantly different from that on substrata beneath polyvinylidene (ambient UV) in any of the three experiments (Fig. 2, Table  l) , and AFDM on substrata where UV was present was not significantly different from that where UV was absent (Fig.  3, Table 1 ). Grazer removal strongly influenced periphyton biomass, i.e. Chl a was approximately 3 times more abundant on ungrazed substrata (Fig. 2, Table l) , and AFDM was 3-4 times more abundant on ungrazed substrata (Fig. 3 , Table 1). Potential UV effects on snails were assayed in the early Photosynthetic rates measured in the laboratory were not summer experiment by counting the number of snails coloaffected by UV regime, but they were affected by grazer nizing the tiles under each experimental unit. incubation intensity existed between substrata exposed to ambient UV and those shielded from UV (Fig. 4, Table 1 ). Carbon uptake by periphyton growing on substrata suspended above the streambed was 2-4 times greater than those of grazed periphyton (Fig. 4) . All grazing effects on photosynthetic rates were statistically significant (Table 1) . Interac- tions between UV and grazing treatments were not statistically significant (Table 1) . Snail densities were not significantly affected by UV regime. Mean densities of snails on streambed-associated tiles where UV was present were 20% lower than those where UV was absent (Fig. 5 ), but the difference was not statistically significant (P > 0.5). Snail densities were low on suspended substrata (Fig. 5) , demonstrating that substratum suspension was an effective means of reducing grazing pressure.
Our experiments provide little evidence that ambient UV is an important ecological factor for periphyton and grazers in White Oak Creek. Periphyton biomass and photosynthesis failed to respond to UV removal in any of the three experiments. Snail densities (measured only in the third experiment) also failed to respond to UV removal. Grazing was clearly an important factor controlling periphyton biomass and photosynthesis in White Oak Creek, but even when snail densities were reduced almost to zero, UV effects were still not evident in the periphyton. Previous experiments in White Oak Creek have shown that periphyton biomass and photosynthesis are sensitive to changes in physicochemical factors such as PAR and nutrients, especially after snail densities are reduced (Hill et al. 1992 (Hill et al. , 1995 .
The absence of UV effects in White Oak Creek contrasts with the results of UV experiments in other ecosystems. The pelagic zones of marine and lacustrine ecosystems contain a variety of organisms sensitive to current levels of UV (Hader et al. 1995) . In freshwater benthic habitats, UV effects have not been as widely investigated, but Bothwell et al. (1993) and Vinebrook and Leavitt (1997) both report that ambient UV inhibited biomass accumulation in developing periphyton communities. In more mature periphyton communities, biomass accumulation appeared to be enhanced by UV because grazing chironomids were more sensitive than periphyton to UV, grazing pressure was reduced accordingly by ambient UV (Bothwell et al. 1994) . The extent to which direct effects of UV on grazers are reflected in periphyton (the "solar cascade"; Williamson 1995) depends on the level of herbivory; enhanced accumulations of periphyton biomass would not be expected where grazing pressure is low. Heavy grazing pressure in White Oak Creek and similar grazer-dominated streams provides considerable potential for a solar cascade of UV effects.
It seems unlikely that the absence of both direct and indirect effects of UV in White Oak Creek was caused by low u-radiances. Flux densities of UVB at the experimental site should have been relatively high despite considerable dayto-day fluctuation in cloud cover and haze. Mean estimated UVB flux densities during experiments 1 and 3 (47.9 and 54.2 kJ m-* d-l) were similar to the flux densities (48.8 and 48.3 kJ mp2 d-l) reported by Bothwell et al. (1993 Bothwell et al. ( , 1994 to cause significant direct and indirect effects in riverside flumes. Our experiments in White Oak Creek were deeper (lo-25 cm) than those in Bothwell's flumes (1 cm), so more UV may have been attenuated by the water column in our experiments. Nonetheless, a substantial portion of UV incident to the water's surface should still have penetrated lo-25 cm in White Oak Creek. Water column attenuation can be estimated with the empirical equation of Scully and Lean (1994) , KLl = 0.415([DOC] 1.s6), which predicts UVB attenuation from the concentration of dissolved organic matter (DOC). Based on an average DOC of 1.6 mg liter-' in White Oak Creek (Loar 1994) , -91% of UVB penetrates the water column to 10 cm, and -78% penetrates to 25 cm. Incident UVA should have been attenuated even less than UVB by the water column (Scully and Lean 1994) .
The lack of significant UV effects in our experiments suggests that periphyton and grazers in White Oak Creek are simply insensitive to current levels of UV. Periphyton and grazers in Nebraska prairie streams also appear resistant to ambient UV radiation (DeNicola and Hoagland 1996) . This resistance may result from one or more of the physiological mechanisms proposed to mitigate potential UV damage. Mycosporine-like amino acids and some pigments may act as sunscreens to block UV selectively; carotenoids and other antioxidants may protect photosystem II reaction centers against UV-induced photooxidation; and a number of enzymes have been identified that repair UV-damaged DNA (Vincent and Roy 1993) . It is unclear if these or other protective mechanisms are widely used by periphyton; if they are, the physiologic costs of such UV protection were not reflected in the biomass or photosynthetic measurements made in this study.
Most of Elimia's body is shielded from UV by its opaque shell. Soft tissue of this grazer (its head and part of the foot) extending beyond the shell are darkly pigmented, and this tissue may be shielded from UV by the pigments. We do not suggest that the primary function of snail shells and pigments is protection from UV, but snails may be inherently less vulnerable to UV than soft-bodied grazers such as chironomid larvae. Grazing caddisfly larvae, which are enclosed by opaque cases made of pebbles leaves, or twigs, also may be relatively insensitive to UV.
Almost all UV experiments have been performed on small spatial scales. This study is no exception; experimental units for the UV manipulations were only 40 X 40 cm. The small size of these units meant that individual Elimia, whose movements in and out of area beneath the units were not controlled, were undoubtedly exposed to experimentally reduced UV fluxes for only a small proportion of the total time in each experiment. Longer exposures to reduced UV may elicit a response by Elimia. However, Elimia's growth is very strongly correlated to solar radiation in White Oak Creek and exhibits no significant decline at the highest intensities, where UV fluxes would be greatest (Hill et al. 1995) .
The results of this study indicate that previous reports of UV impacts on periphyton and grazers cannot be generalized. We suggest that the potential impacts of UV on these organisms vary considerably because of large temporal and spatial variation in both UV exposure and organism sensitivity. The specific vulnerability of keystone organisms, such as grazing snails in White Oak Creek, will strongly influence ecosystem-level responses to UV. Until UV manipulations are performed in a variety of benthic ecosystems at different latitudes and altitudes, it would be premature to predict large ecological effects of UV on most freshwater benthic food webs.
Abstract-Biological uptake of dissolved silicate (DSi) and formation of biogenic silica (BSi) during diatom growth modifies the form of Si carried from the continents to the world ocean. Significant concentrations of BSi, averaging 28.0 pmol L-l, are found in all sizes of rivers. The global contribution of BSi carried by rivers was estimated as 1.05 ? 0.20 Tmol Si year'. Combined with the global mean riverine DSi concentration of 150 pmol liter-', 16% of the gross riverine Si load is delivered to the world ocean as BSi. Most of this BSi would be remobilized by dissolution in marine environments. These results demonstrate that the contribution of biogenic silica carried in suspension by rivers is an important component in the world ocean Si budget that has not been recognized previously.
The major inputs of Si to the world ocean are thought to be dissolved silicate (DSi) inputs carried by rivers from continental weathering (Treguer et al. 1995) . Particulate inputs, primarily composed of clay minerals and debris from weathered rocks, have not been considered in global budgets to date; it is generally thought that the suspended mineral load does not dissolve and contribute to DSi inputs. Mineral silicates weather slowly at -6 X lOpI4 mol cm-2 s-l (Lerman 1988) and dissolve slowly enough such that the Si contained as suspended particulate matter in rivers can be considered unavailable on the time scales at which biological processes such as DSi uptake and biogenic silica (BSi) dissolution occur. The amorphous silica contained in diatoms, however, dissolves five orders of magnitude faster than mineral silicates at -2 X 1O-9 mol cm-2 s-l (Hurd 1983) and therefore has the potential to participate in the biogeochemical cycle at time scales relevant to biological processes. In the last 15 years techniques have become widely available to distinguish dissolvable amorphous Si contained in diatoms (e.g. BSi) from more refractory mineral silicates in particulate matter (Eggiman et al. 1980; DeMaster 1981; Mortlock and Froelich 1989; Mtiller and Schneider 1993) . Until now, this information has not been available to evaluate the contribution of BSi transported by rivers to the world ocean Si budget. I have obtained such information from the literature and by measuring BSi concentrations directly in a number of large rivers.
Samples for BSi were collected from rivers ranging in size from one of the world's largest rivers, the Amazon, to small
